Abstract: Breakthrough times of a commercially-available respirator cartridge packed with a small amount of activated carbon were determined by three different flow patterns:
INTRODUCTION
Even when the average rates of pulsating and respiratory flows are equivalent to the steady-state flow rates, the instantaneous maximum rates of pulsating and respiratory flows are faster than the steady-state flow rates9, 10) Therefore, breakthrough times of a respirator cartridge determined by pulsating and respiratory flows are presumed to differ from those determined by a steady-state flow, as suggested by Honi et al." 12) Recently, a respirator cartridge packed with a small amount of activated carbonl3~ has been commercially available and popular in Japan. This type of cartridge is characterized by short breakthrough timel3, 14>, as compared with cartridges manufactured in U.S.A.15~ and Europe16~. Our previous study", using a commercial respirator cartridge together with a sine wave flow, demonstrated that the breakthrough time was shorter for a pulsating flow than for a steady-state flow containing organic solvent vapors with low boiling points. Respiratory patterns of workers wearing a gas mask equipped with a respirator cartridge, more complex than a sine wave pattern, are recommended for use in the breakthrough test of a respirator cartridge for organic solvent vapors to obtain practical performance information of the cartridge. The present study was undertaken to examine whether the breakthrough times of a commercially-available respirator cartridge packed with a small amount of activated carbon were influenced by respiratory flow rates of workers wearing a gas mask with a respirator cartridge and standard patterns of rectangle, sine, and triangle waves, in comparison to the conventional steady-state airflow of 300 ppm carbon tetrachloride vapor which had been used for the National Approval Test of the Japanese Government12~ in February, 1996. In this study, three subjects working at a paint manufacturing plant were used to record their respiratory patterns at both work and rest when they wore a gas mask equipped with a respirator cartridge. A mechanical breathing simulator was used to reproduce their respiratory patterns and the standard wave patterns as the test airflows.
EXPERIMENTAL

Respirator cartridges
A commercially-available respirator cartridge, KGC-8 (Koken LTD., Tokyo), was used for the present experiment. The cartridge containing 24 g of activated carbon was round-shaped with 13 mm in layer height and 78 mm in inner diameter. In order to examine the effects of various amounts of activated carbon on breakthrough time, the cartridges were packed with activated carbon of 10, 15, and 20 mm in layer height, with equal packing density. years of experience with using gas masks at their workplaces in a paint manufacturing plant. Figure 1 shows a schematic diagram of an apparatus used for measuring the respiratory patterns of each of the three workers wearing a gas mask. The measurement system consisted of a pneumotachograph, Laminar Flow Meter 529
Measurement of respiratory patterns
(Dyna Science, Switzerland) and a micro-differential pressure transducer, P-90D (Tsukasa Sokken, Tokyo), leading to a digital differential pressure amplifier, DPC-1 (Tsukasa Sokken, Tokyo).
The electric signals corresponding to respiratory patterns of the workers were registered with a digital servorecorder, VP-6326L (Panasonic, Osaka) and a cassette data recorder, R-61 (TEAL, Tokyo) with 3-minute endless tapes. The inspired air of the workers wearing the gas mask passed through the pneumotachograph.
The expired air was passed through the pneumotachograph in the opposite direction to the inspiration without passing through the respirator cartridge.
Respiratory patterns were sampled at rest (sitting on a chair in a break room) and during usual work of mixing, canning and washing. Table   1 .
The spirometric, physical and age profiles of three workers. Apparatus for breakthrough test and the test method A breakthrough measurement system consisted of both a generator for the vaporair mixture stream and two breakthrough test systems as shown in Fig. 2 . Clean airstream supplied by a compressor was bubbled into carbon tetrachloride to generate its vapor. Another line of clean airstream was bubbled into distilled water and used to generate saturated steam to control the humidity of the test gas. The two airstreams containing CC14 and water vapors were fed into a mixing apparatus and then supplied into a chamber in which temperature and relative humidity were monitored. The airstream containing 300 ppm CC14 with relative humidity of 50% at a temperature of 20°C was then divided into two different breakthrough measurement systems.
In one system, the breakthrough test of a cartridge was carried out with steadystate flow. The steady-state flow rates employed were equivalent to the average inspiratory flow rate of each subject while at work. In order to examine the effects of the flow rate through cartridges on breakthrough time, steady-state flow rates ranging from 15 to 90 liters/mmn were used.
In another system, the airstream containing CC14 vapor was fed into a Tedler bag and the outlet of the bag was connected to a testing cartridge. The vapor- airstream was passed through the cartridge with the patterns of workers' breathing and the standard waves driven by a mechanical breathing simulator, KCC-340 (Kayaba Industry, Kanagawa). The oil hydraulic-driven simulator was operated by a servomechanism to which electrical signals from the recorded respiratory patterns and from a function generator of rectangle, sine, and triangle wave forms were fed. The two different kinds of wave patterns were used in the present experiment: first, four different respiratory patterns sampled from the three subjects engaged, and second, standard patterns of rectangle, sine, and triangle waves at a frequency of 23.2 cycles/min with a tidal volume of 1.32 liters/cycle.
The gas samples were taken with an autosampler from both the upstream and downstream of the test cartridge at five-minute intervals. The vapor concentrations were measured with a gas chromatograph equipped with a hydrogen flame ionization detector, GC-8A (Shimadzu, Kyoto). The breakthrough time was defined as the time interval spanning between the starting time of feeding the vaporairstream into the cartridge and the time at which the vapor concentration reached 5 ppm at the downstream of the cartridge.
RESULTS AND DISCUSSION Figure 3 shows respiratory patterns of two subjects wearing a gas mask equipped with a respirator cartridge at work and at rest. The respiratory patterns at work were characterized by increases in maximum inspiratory flow rate and respiration rate as compared to those at rest. Respiration rates, tidal volumes and average inspiratory flow rates of the three subjects at work and at rest are given in Table  2 . The respiration rate and the average inspiratory flow rate increased at work compared to those at rest. Figure 4 shows relationships between the breakthrough time and the flow rate, observed for average inspiratory flow rates as well as for steady-state airflow rates equivalent to each workers' respiration. The breakthrough times were found to be shorter for the respiratory patterns than for the steady-state flows. Table 2 . The breathing pattern characteristics of three workers. Fig. 3 . The respiratory patterns of two workers wearing a gas mask equipped with a respirator cartridge at work and rest. Subject B was engaged in mixing raw materials in a batch stirrer and subject C canned the products. 4. The relationship between the breakthrough time of the cartridge and the rate with the four respiratory patterns (.) and with the steady-state (o). steady-state flow rates were affixed at the same rate corresponding to the average rates of the respiratory patterns. Tests were made at 300 ppm of CC14, 20°C, and relative humidity. Figure 5 shows the relationship between the flow rate and the ratio of the average breakthrough time measured with the respiratory pattern to that with the steady-state flow. The ratio decreased with an increase in the flow rate, indicating that the breakthrough times measured with the respiratory patterns were shortened more markedly as flow rates increased than those with the steady-state flow. Figure 6 shows the breakthrough times for three different patterns of airflow, including the respiratory pattern of subject C at canning work, the steady-state flow and the three standard wave patterns with a flow rate of 30.7 liters/min on average. The breakthrough time measured with the worker's respiratory pattern was found to be shorter than the breakthrough time measured with steady-state flow, and to be as short as those times observed for the sine and triangle wave patterns. Figure 7 shows the flow rate patterns of rectangle, sine, and triangle waves as well as the steady-state flow used for the breakthrough test. The maximum flow rates of rectangle, sine, and triangle waves were 2, 3.14 (it), and 4 times as fast as the steady-state flow rate, respectively.
The maximum inspiratory flow rate of worker's respiration reached 89.1 liters/min, and 2.9 times the rate of the steadystate flow, although the average flow rate remained at 30.7 liters/min.
As shown in Figure 8 , breakthrough times were found to be shortened with a decrease in the layer height of respirator cartridge, and an increase in the rate of the steady-state flow. Besides, the observed breakthrough times obtained at 60 and 90 liters/min were shorter than the predicted ones which were calculated on the basis of an inverse relationship between the breakthrough time and the airflow rate, and the observed breakthrough time at 15 liters/min. Consistent with this finding that the observed breakthrough times obtained at higher flow rate of steady- This can be taken to indicate that the breakthrough time depends upon instantaneous maximum flow rate through the thin activated carbon layer of the respirator cartridge.
Mechanism(s) underlying the observed reduction of the breakthrough times obtained with workers' respiratory patterns remained unsolved yet. One of the plausible explanations for this is that the passing time of CC14 molecules through the thin activated carbon layer of respirator cartridge may be too short to attain an adsorption equilibrium. 
